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Abstract 
The recent advancements in the manufacturing of single crystal PIN-PMN-PT piezoelectric materials now make them a cost-
competitive alternative to PZT4 and PZT8 (Navy Types I and III) piezoceramic materials, which have been the workhorse of 
power ultrasonic applications (e.g., welding, cutting, sonar, etc.) for over 50 years.  Although there are great benefits to the use of 
single crystal materials with respect to high output, as well as added actuating and sensing abilities, many transducer designers 
are still reluctant to explore these materials due to inadequate design guidelines for substituting the familiar PZT materials; for 
example, what are the implications of the higher capacitance, sensitivity to chipping/cracks, aging effects, frequency shifts, or 
how much preload can be used are all common questions.  This research is a case study on the performance of identical ultrasonic 
transducer bodies, used for semiconductor wire bonding, assembled with either PZT8 or PIN-PMN-PT piezo material.  The main 
purpose of the study is to establish rule-of-thumb design guidelines for direct substitution of single crystal materials in existing 
PZT8 transducer designs, along with a side-by-side performance comparison to highlight benefits.  Several metrics are 
investigated such as impedance, frequency, displacement gain, quality factor and electromechanical coupling factor. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The recent advancements in growing single crystal PIN-PMN-PT piezoelectric materials now make them a cost-
competitive alternative to PZT4 and PZT8 (Navy Types I, III), which have been the workhorse of power ultrasonic 
applications (e.g., welding, cutting, sonar, etc.) for over 50 years.  The composition of single crystal piezoelectric 
materials such as PIN-PMN-PT is very different in comparison to the common piezoceramics such as PZT8.  PZT8 
is a sintered piezoceramic material, where PZT = Lead (PbO) + Zirconate (ZrO2) + Titanate (TiO2).  The “green” 
PZT powder is pressed into a desired shape and then sintered to a final porosity in the range of ~2-7%.  PIN-PMN-
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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PT is a grown single crystal material (to giant sizes), where PIN-PMN-PT = Lead(P) Indium Niobate–Lead(P) 
Magnesium Niobate–Lead(P) Titanate.  The previous generation PMN-PT material is binary crystal 
Pb(Mg1»3Nb2»3)O3–PbTiO3 and PIN-PMN-PT is ternary crystal Pb(In1»2Nb1»2)O3–Pb(Mg1»3Nb2»3)O3–PbTiO3 
which has better thermal and electric properties than PMN-PT.  The giant crystal is grown using a multi-crucible 
Bridgman approach via seeding as shown in Fig 1(d).  The PIN concentration can be varied to tailor the material 
properties, such as 24% PIN which was used for this study (i.e., PIN24-PMN-PT).  Also, the porosity for single 
crystal grown material is 0%. This research is a case study on the performance of identical ultrasonic transducer 
bodies, used for semiconductor wire bonding, assembled with either PZT8 or PIN-PMN-PT piezo material. 
2. Specific transducer application 
Kulicke & Soffa Industries is the leading manufacturer of semiconductor wire bonding equipment (DeAngelis et 
al., 2013).  This “back-end” type of equipment provides ultrasonically welded interconnect wires between the wafer 
level semiconductor circuitry (die) and the mounting package (frame) as shown in Fig. 1(a-c). The ultrasonic 
transducer delivers energy to a capillary tool in a “scrubbing motion” for welding tiny gold or copper wires, 
typically less than 0.001 inches in diameter.  The single-piece construction “Unibody” transducer uses four diced, 
rectangular PZT8 piezoceramics, and is ideal for research studies (DeAngelis et al., 2006, 2009, 2010, 2011, 2012).  
Portability across 100’s of machines is required for the same customer device in production operations. 
 
Fig. 1. (a) K&S “Unibody” ultrasonic transducer assembly, (b) On-machine configuration of “Unibody” transducer for device wire bonding, (c) 
Actual wire bonds from multi-tier package, (d) Example of single crystal boule grown with multi-crucible Bridgman approach. 
  
 
Fig. 2 (a) Material properties of PIN24-PMN-PT (33-Mode, <001> poled) versus PZT8, (b) Diced PIN-PMN-PT and PZT8 plates, (c) Bode plot 
technique for individually diced plates with the equivalent circuit representation. 
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3. Material properties 
Fig. 2 shows the material property comparison of PIN-PMN-PT single crystal versus PZT8, along with the 
diced parts and the Bode plot technique using an equivalent circuit.  Fig. 3 shows the typical Bode plot results for 
individually diced plates of PIN-PMN-PT and PZT8 (DeAngelis et al., 2010). The wave speed c and the mechanical 
quality factor Qm are much lower for PIN, but the electromechanical coupling k31 and parasitic capacitance C0 are 
much higher for PIN. 
4. Assembly and test 
Fig. 4 shows the transducer preload and assembly details with the piezo stack voltage vs preload calibration 
results for the lower “L” and higher “H” preload targets.  The maximum stress for PZT8 was empirically determined 
to be greater than 100MPa, whereas the vendor bending test of crystal bars (not <001>) showed that phase 
transformation can occur at 50-60 MPa for PIN-PMN-PT.  As shown in the Fig. 4 table, the slope (N/V) is not 
constant so the effective d33 increases with preload.  Figs. 5 and 6 show the Bode plot results for the lower “L” and 
higher “H” preload cases.  For the lower preload case, the operating frequency of the transducers was 119kHz for 
PZT8 and 108kHz for PIN (lower c).  Also, the parasitic modes did not move much with the PIN transducer since 
they are dominated by the titanium unibody.  The impedance was 33ȍ for PZT8 and 12ȍ for PIN (higher output, 
d33).  The Qm was much higher for PZT8, but the k was much higher for PIN.  The LCR C0 stack capacitance was 
about 4X the C0 of unloaded plates as expected for both.  For the higher preload case, the operating frequency was 
119kHz for PZT8 and 114kHz for PIN; this was a huge 6% change in resonance with increased preload for PIN (i.e., 
108kHz to 114kHz).  There was also a huge 343% change in LCR C0 with preload for PIN (5940pF to 20380pF), 
and the higher preload drove the operating mode closer to parasitic yaw mode.  The impedance was 27ȍ for PZT8 
and 7ȍ for PIN (both reduced). 
 
Fig. 3 Typical Bode plot results for individually diced plates of PIN-PMN-PT and PZT8 
 
Fig. 4 Transducer preload and assembly details with the piezo stack voltage vs preload calibration results. 
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Fig. 5 Bode plot results for lower “L” preload (1 hour after build). 
 
Fig. 6 Bode plot results for higher “H” preload (1 hour after build). 
 
Fig. 7 shows the current and voltage gain results.  The higher preload reduces the current gain (CG) for both 
PZT8 and PIN, but increases the voltage gain (VG) for PZT8 and reduces it for PIN.  For low preload, the CG for 
PZT8 was 2.4X greater, and for high preload the CG for PZT8 was 2.9X greater.  For low preload, the VG for PIN 
was 1.6X greater, and for high preload the VG for PZT8 was 1.1X greater.  After three weeks aging plus 70°C heat-
treatment, the CG increased 20% for PZT8, but decreased 6% for PIN.  Fig. 8 shows the power gain results and 
capacitance compensation analysis for a phase lock loop (PLL) drive.  Higher preload increases the power gain (PG) 
for PZT, but reduces it for PIN.  Three weeks aging plus 70°C heat-treatment increases PG for PZT, but reduces it 
for PIN.  For low preload, the PG for PZT is 1.4X greater, and for high preload the PG for PZT is 2.3X greater. Fig. 
8(b) shows that there were no PLL drive issues with high capacitance of PIN due to much lower impedance R 
(DeAngelis et al., 2010). 
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Fig. 7 Current and voltage gain results for low “L” and high “H” preloads. 
 
Fig. 8 (a) Power gain results for low and high preloads, (b)  Capacitance compensation for phase lock loop (PLL) drive. 
  
Fig. 9 Coupled-field finite element model in ANSYS software with gain and Bode results. 
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Fig. 10 Electromechanical coupling factor (k) derivation using mechanical and electrical analogs. 
 
5. Finite element analysis and theoretical derivations 
Fig. 9 shows the piezoelectric coupled-field finite element model in ANSYS software with the gain and Bode 
results for PZT8 and PIN (DeAngelis et al., 2011).  The model is a direct coupled-field analysis, coupling via 
"stiffness" matrix, which includes piezoelectric properties, and nodes that have structural (X-Y-Z displacements) 
and electric (volt) degrees of freedom.  The damping differences between the piezo materials were modeled via 
Rayleigh viscous damping as derived from the measured Qm.* Fig. 10 shows the derivation of the electromechanical 
coupling factor k using mechanical and electrical analogs to better understand the differences between PZT8 and 
PIN materials (Uchino et al., 2003). Fig. 11 shows the derivation of current gain versus k to illustrate how materials 
with higher output have lower gain (Sherman et al., 2007). 
6. Conclusions 
The estimated preload range for PIN is 32MPa to less than 53MPa, since the capacitance and stiffness become 
parabolic with preloads near 53MPa: an amazing 108-114kHz (6%) frequency increase occurred between 32-53MPa 
preload, and based on an FEA correlation to Bode plots the effective stiffness doubled from 0-53MPa; the PIN 
capacitance also increased ~3X from 32-53MPa, but was insensitive to capacitance compensation for PLL due to 
low impedance.  The PIN has much better aging stability compared to PZT8 at 32MPa, and the aging occurs very 
quickly (<1 day) after preloading in the transducer assembly.  The heat-treatments for accelerated aging are not 
necessary for PIN (needed for PZT8), since there was excellent thermal stability between 23-70°C seen at the 
32MPa preload for PIN.  PIN has ~3X lower impedance and ~2X higher voltage gain at 32MPa, but PIN has 2X 
lower current gain for displacement due to higher k.  The higher k is desirable for PZT8 since it allows aging to a 
higher time decade (more stable), but PIN has 30% lower power gain resulting in more heating for same 
displacement.  Overall, the major performance advantage for PIN is that it can minimize the volume of piezoelectric 
material for the same impedance, and also allows for larger transducers for a given operating frequency due to lower 
wave speed c.  The handling durability or chip/crack resistance was found to be similar to PZT8 with transducer 
build and rebuild.  There were also no issues with thermal shock when placing in hot 70°C oven, or issues with 
delamination of electrodes due to the sliding titanium preload wedge.  The only minor issue was a crack seen in PIN 
crystal near the preload wedge after final 53MPa test (material is translucent!). 
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Fig. 11  Current gain versus electromechanical coupling factor (k) derivation. 
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